the concentration, temperature and degree of unsaturation of the hydrocarbon chain. The most commonly reported liquid crystals are lamellar crystalline, L c and amorphous L α , hexagonal H 1 and H 2 , discontinuous cubic I 1 and I 2 and bicontinuous cubic V 1 and V 2 27 phases. These liquid crystals possess fascinating viscoelastic properties, which make them useful in such industrial applications as dispersion technology, cosmetics, foods, fertilizers, minerals and encapsulation systems 28 31 . The high viscosity of liquid crystals allows the preparation of LC-based emulsions in which the LC acts as the continuous phase 32 34 . Also the stability of the LC-based emulsions is high since the emulsion droplets are trapped in the viscous LC matrix. At the same time, the LC-based emulsions show high viscosity even at low volume fraction of the dispersed phase 3, 35 38 , which could be a good property in wide application areas. However, it should be kept in mind that the liquid crystal structure could be modulated in presence of oil 39 .
The term gel emulsion is sometimes confusing to readers when it refers to LC-based and conventional highly concentrated emulsions or high internal phase ratio emulsions HIPREs . Here, we present anomalous behaviors between LC-based emulsions and HIPREs 40 44 to improve understanding of differences between these two systems. Although both emulsions are called highly concentrated emulsions or gel emulsions, there are some distinct features observed in each of the two: 1 LC-based emulsions are formed in the region of the ternary phase diagram in which the excess oil or water phase coexists with the LC acting as a continuous phase 3, 4, 37 , while HIPREs form where excess oil or water coexists with the micellar solution 40, 41 ; 2 LC surrounds the droplets in LC-based emulsions, while a micellar phase surrounds the dispersed phase in conventional HIPREs; 3 LC-based emulsions show high viscosity even at low volume fractions of the dispersed phase 50 36 , while HIPREs show high viscosity only when the dispersed phase exceeds 74 volume fraction 45 ; 4 LC-based gel emulsions often look translucent or transparent, depending on the composition and temperature, but HIPREs are mostly translucent or milky; and 5 the rheology of LC-based emulsions is mainly controlled by the LC continuous phase 46 50 , while HIPREs rheology is controlled by the volume fraction of the dispersed phase 45 .
In this review we summarized recent progress of formulation method, systems, transparency control and rheological properties of the LC-based emulsions. Also we mentioned a novel application of the LC-based emulsions as a template to synthesize mesoporous silica.
FORMATION AND STABILITY OF LC-BASED EMULSIONS
Structure of the LC-based emulsions is possible to be water-and oil-continuous ones, which is similar to conventional O/W and W/O emulsions. In many case, the continuous phase of the water-continuous type is a discontinuous cubic I 1 3 or a hexagonal phase H 1 38 whereas that of the oil-continuous type is a reverse discontinuous I 2 37 or a reverse hexagonal phase H 2 50 since we can often observe two-phase equilibrium with those liquid crystals in many water/surfactant/oil systems. In this section, we summarized preparation method and systems reported for the LCbased emulsions. A preparation scheme of LC-based emulsions is presented in Scheme 1.
It should be kept in mind that liquid crystals should be prepared at first with a proper composition of water, surfactant in presence or absence of oil. Then the excess oil is added to the liquid crystals as shown in Scheme 1 to make the final composition of the emulsion. As illustrated in Scheme 1, the melting of the LC is necessary for adequate mixing of the oil during preparation of the emulsion by this method. However, the thermal treatment may not be necessary by employing any suitable mechanical emulsification methods such as high pressure homogenizer, which is expected as a future study. Emulsion droplet size and size distribution are important factors for emulsion properties and applications and they are related to preparation methods. Few study regarding the droplet size and distribution for the LC-based emulsions have been done at this moment and further studies regarding those points will be expected in future.
Alam The high melting temperature of the LC O phase also hampers the formation of LC-based emulsions, which was observed in the case of hexadecane oil, as shown in Fig. 1c . Recently, Alam et al. 52 also described the important role of surfactant hydrophilicity in the formation and rheology of LC-based emulsions; long-chain surfactants are especially more suitable for the formation of LC-based emulsions than short-chain surfactants. The formation of LC-based emulsions is not spontaneous, and several parameters must be considered during their preparation. Not only phase behavior but also oil solubility in the continuous phase could manipulate the formation of LC-based emulsions 48 .
Scheme 1 Preparation of LC-based emulsion. Here LC means liquid crystals; W m indicates micellar phase.
Table 1
Results of visual observation of the samples prepared after 2 min for formation of O/H 1 gel emulsions using oils of different molecular weights, adapted from reference 
Normal liquid crystal-based emulsions
In this section, we provide an overview of normal LCbased emulsions, as reported in the literature. Interest in liquid crystal-based emulsions began when Friberg reported in 1969 the role of LCs in preparation of emulsions 32 .
After that report, a number of other articles addressed the same phenomena for the promising application of these emulsions in the cosmetic industry 33, 49, 53 56 . In 2000, Rodriguez et al. 3 were the first to report cubic phase-based gel emulsions O/I 1 . They observed that O/I 1 emulsions could contain up to 90 wt oil as a dispersed phase in which the I 1 phase acts as the continuous phase. Rodriguez also mentioned that translucent O/I 1 emulsions could be transparent by tuning the refractive index between the dispersed and continuous phases. From microscopic observations, the droplet shape of O/I 1 emulsions was found to have a similar structure to that of conventional highly concentrated emulsions 42 ; polydisperse and polyhedral droplets are surrounded by a thin film of continuous phase, as shown in Fig. 2 . Rodriguez et al. 3 noted that this type of emulsion shows prolonged stability due to the presence of highly viscous LCs, which reduces the likelihood of emulsion-breaking processes. Due to the high viscosity of the LC, coalescence and creaming are reduced, enhancing the stability of the emulsions. A rheological study of O/I 1 emulsions was also conducted by Rodriguez et al. 36 , who observed that the viscosity of O/I 1 emulsions decreases with increasing dispersed phase volume fraction, which is the opposite trend of conventional highly concentrated emulsions 57 
Reversed liquid crystal-based emulsions
Similar to the normal type of liquid crystalline mesophases, reversed lyotropic liquid crystals are also interesting soft materials because they allow improved design functionality in food products, drug delivery, materials synthesis and structural biological applications 64 72 . Despite the variety of potential applications, reversed liquid crystals have not been studied to a great extent 73 76 . Reversed liquid crystals have high viscosity, allowing preparation of reversed LC-based emulsions 77 79 . Uddin et al. 77 and
Watanabe et al. 78 have shown that the reversed cubic phase can act as a continuous phase to separate the water droplets dispersed phase , and, due to its high viscosity, the formed emulsions show prolonged stability. The authors noted that the LC must melt during preparation of reversed LC-based emulsions, similar to the case of normal LC-based emulsions. Rodriguez et al. 80 later studied reversed cubic phase-based emulsions W/I 2 in Pluronic L-121 systems, and the modulation of the self-assembled structure in the presence of water was studied by small angle X-ray scattering and dynamic oscillatory measurement. The authors reported that the shape of the droplets is polyhedral and polydisperse, despite the use of water as the dispersed phase. A microscopic image of a reversed cubic phase-based emulsion is shown in Fig. 4 . Recently, May et al. 50 have studied the phase behavior of a Pluronic surfactant EO 5 PO 68 EO 5 P-121 system in the presence of hexane and evaluated the formation of reversed LC-based emulsions, as well as water in both reversed cubic W/I 2 and reversed hexagonal phase W/H 2 emulsions in the Pluronic system Fig. 5 . The authors have explained that reversed cubic or hexagonal phases could be induced from the reverse micellar solution with the addition of water and then used as a continuous phase to stabilize the excess water phase. The reversed LC-based emulsions can be formulated in the two phase region, H 2 W and I 2 W, in Fig. 5 . May et al. 50 explained the relationship between the microstructure of the surfactant self-assembled structure and 
the formation and stability of reversed LC-based emulsions. The rheological behavior of reversed LC-based emulsions was also studied.
Nonaqueous liquid crystal-based emulsions
As mentioned above, the formation of LCs is possible in nonaqueous media 25, 26, 81 . However, LC-based emulsions in nonaqueous systems are not widely reported 79 81 . Recently, Sharma and Warr 81 reported an LC-based emulsion in nonaqueous system; they have rationally used an ionic liquid instead of water and a nonionic surfactant, which forms a hexagonal phase H 1 , and perfluoromethyldecalin PFMD was incorporated as the dispersed phase. After adequate mixing, Sharma and Warr obtained highly viscous O/H 1 emulsions; they have also studied the microstructure of LCs in nonaqueous systems with the help of SAXS analysis. However, detailed studies of O/H 1 emulsions remain an interesting matter and could be explored in the near future.
Transparent LC-based emulsions
In general, the physical appearance of an emulsion is milky or translucent due to the difference of refractive index between the dispersed and continuous phases if the droplet size and volume fraction are moderate. Transparent LC-based emulsions can be obtained by adjusting refractive index difference by the factors such as the nature of the surfactant 48 or oil 38, 51 , the addition of high refractive index solvent 3, 46 and the temperature.
Rodriguez et al. by adding a guest solvent with high refractive index such as glycerol , as shown in Fig. 6 . However, the structure of the emulsions changes with increased concentration of the guest solvent. In fact, one can control the structure of the emulsions, as well as their transparency, by considering the amount of guest solvent; otherwise, an excess amount of guest solvent changes the structure of the emulsion to a micellar phase 61 . Recently, Takahashi et al. 49 described transparent LC-based emulsions. The authors have explained the emulsion transparency with the help of refractive index and light transmittance measurements, which are well correlated with the Rodriguez observations 3 . According to Takahashi et al. 49 , the refractive index of the I 1 continuous phase is lower than that of the dispersed phase isododecane, 1.42 ; the addition of glycerol increases the refractive index of the I 1 phase, which matches that of the dispersed phase at a certain concentration of glycerol the wt. fraction of glycerol is 0.4 Fig. 7a , and, as a result, the translucent emulsion becomes transparent. The transmittance of visible light reaches its maximum value at that concentration of glycerol, as shown in Fig. 7b . Upon further increase of the glycerol content, the microstructure of the liquid crystals I 1 modulated to the hexagonal phase H 1 , and the emulsion structure changes from O/I 1 to O/H 1 ; a similar observation was also reported by Alam et al. 46 Although changing the transparency of the emulsions is interesting, one must remember that excess guest solvent could hamper the emulsion structure.
Tuning refractive index either droplet or continuous phase of the LC-based emulsions allows to obtain the transparent emulsions although the rheological properties changes and also, in some cases, phase transition can happen. Further studies regarding relationship of transparency and physical property can be expected. Temperature is also a parameter to tune refractive index, which has yet been studied. Until now, any application studies of the transparent LC-based emulsions have not been reported. A simple application for cosmetic gel formulation may be possible in near future but studying molecular dynamics or reactions at water-oil interface or in a confined domain are also expected.
RHEOLOGICAL PROPERTIES OF LC-BASED EMULSIONS
The rheology or microrheology microrheology 22, 23 of liquid crystals is an interesting subject in colloid science or soft materials. There are many articles in the literature that deal with the rheology of LCs; therefore, our discussion refrains from that topic. Instead, we will focus on the rheology of LC-based emulsions. Rodriguez et al. 36 observed that the addition of oil to the LC increases its viscosity, and the maximum viscosity was obtained at the maximum oil solubilization point. Increasing the oil content in the LC presumably also increases the core of the micelles; as a result, the neighboring micellar interaction increases, which manifests as the increase in LC viscosity. A similar observation was also reported in other surfactant systems 38, 48, 84 . The rheology of LC-based emulsions is of crucial importance because of the information gained of the status of the products, such as stability, aging, transportation and formation. Knowledge of the micro-structural modulation of the emulsions is also helpful. From the last few decades, there are several articles that describe the rheology of conventional highly concentrated emulsions 85 87 . Rodriguez et al. 36 first described the rheology of LC-based emulsions, and Alam et al. 4, 38, 47, 51 later justified that the rheology of LC-based emulsions is different than that of conventional highly concentrated gel emulsions 57, 86 . The elastic modulus, G of the emulsions is nearly frequency independent and remains over the viscous modulus, G Fig. 8a characteristics for gel type structure. However, the viscoelastic moduli and the viscosity of LC-based emulsions decrease with increasing the dispersed phase volume fraction Fig. 8a and 8b , whereas anomalous behavior was observed in the case of highly concentrated emulsions. As mentioned above, the rheology of LC-based emulsions is mainly controlled by the volume fraction of the LC; as a result, increasing the oil concentration decreases the LC volume fraction, which decreases the emulsion viscosity Fig. 8b . Nonetheless, the highest complex viscosity |η | and elastic modulus G are observed at the boundary between the LC maximum oil solubility and LC basedemulsions Fig. 8b .
At present, numerous articles can be found in the literature describing the rheology of LC-based emulsions in different surfactant systems 47 49, 52, 63, 84 . It is interesting that the physical and thermal stability of LC-based emulsions can be tuned by considering the type of continuous phase. It was reported 38 that the viscosity of cubic phase-based emulsions O/I 1 is higher than that of hexagonal phasebased emulsions O/H 1 ; however, the latter system shows higher thermal stability than the former, as shown in Fig. 9 . Recently, May et al. 50 evaluated the yield stress of reversed LC-based emulsions as a function of water content in a steady-state flow measurement, as shown in Fig. 10 .
The yield stress value of the I 2 phase is higher than that of the H 2 phase; however, a linear relationship between shear rate and shear stress was not observed, as shown in the inset of Fig. 10 . A constant yield stress value was found in both I 2 and H 2 phases, and the value decreases with the addition of water in the emulsion region. The decreasing yield stress in the emulsion region is due to the lower volume fraction of the LC, similar to what was reported by Rodriguez et al. 36 and Alam et al. 38, 47, 51 .
PREPARATION OF DUAL MESO/MACROPOROUS MATERIALS BY USING LC-BASED EMULSIONS AS TEMPLATES
Conventional highly concentrated emulsions HIPREs that were developed a few decades ago have been used as templates for the preparation of macroporous materials 88 93 .
The polymer foam was obtained by the polymerization of the continuous phase; as a result, the droplets of the emulsions preserve the pores of the porous materials. The obtained materials possess mainly macropores; as a result, the surface area was not very high. Recently, Esquena 94 prepared a dual structure of meso/macroporous materials by using LC-based emulsions as templates. The materials were obtained by the polymerization of the continuous phase. The emulsion droplets provide the macropores, whereas the LC continuous phase gives the mesoporous structure shown in Fig. 11 . The obtained materials possess high surface area ≈ 550 m 2 /g , and the total pore volume is higher than 90 wt . It is also possible by this method to obtain relatively large centimeter size monolithic materials which give advantages for applications such as catalytic support, filters, chromatographic adsorbents. Since the Esquena s report 94 is the first one, we can expect more use of the LC-based emulsions for material synthesis.
SUMMARY
In this review article, we have summarized recent developments in the formation, stability and rheology of liquid crystal-based emulsions O/LC and W/LC-type emulsions . Different types of liquid crystals, which could form in aqueous and nonaqueous media, facilitate the formation of LC-based emulsions. However, there remains much work to be performed on LC-based emulsions to determine the mechanism of microstructural arrangement at a microscopic length. Transparent LC-based emulsions are an interesting issue from an industrial point of view regarding the formulation of new products. The architecture of the LC mainly controls the physical properties of the emulsions but also provides the opportunity to design advanced materials with different length scales that could be useful in a variety of applications.
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